T he reported incidence of postoperative surgical site infections (SSIs) following lumbar spine surgery ranges from 0.7% to 12%. 22, 25, 36, 40 SSIs can lead to increased patient and provider burden, with prolonged hospital stays, need for further surgical interventions, readmission, and delayed rehabilitation. 2, 5, 16, 22, 46 Additionally, studies have shown that postoperative SSIs are correlated with elevated mortality risk 22, 23 and increased health care costs. 8, 12, 26 Given the high incidence of SSIs after lumbar decompression and fusion procedures, locally applying prophylactic antibiotics (i.e., vancomycin powder) was introduced as an adjunct to standard systemic antibiotic OBJECTIVE Wound infections following spinal surgery for deformity place a high toll on patients, providers, and the health care system. The prophylactic application of intraoperative vancomycin powder has been shown to lower the infection risk after thoracolumbar decompression and fusion for deformity correction. The purpose of this study was to assess the microbiological patterns of postoperative surgical site infections (SSIs) after prophylactic use of vancomycin powder in adult patients undergoing spinal deformity surgery. METHODS All cases involving adult patients who underwent spinal deformity reconstruction at Duke University Medical Center between 2011 and 2013 with a minimum of 3 months of clinical follow-up were retrospectively reviewed. In all cases included in the study, crystalline vancomycin powder was applied to the surgical bed for infection prophylaxis. Baseline characteristics, operative details, rates of wound infection, and microbiological data for each case were gathered by direct medical record review. RESULTS A total of 1200 consecutive spine operations were performed for deformity between 2011 and 2013. Review of the associated records demonstrated 34 cases of SSI, yielding an SSI rate of 2.83%. The patients' mean age (± SD) was 62.08 ± 14.76 years. The patients' mean body mass index was 30.86 ± 7.15 kg/m 2 , and 29.41% had a history of diabetes. The average dose of vancomycin powder was 1.41 ± 2.77 g (range 1-7 g). Subfascial drains were placed in 88% of patients. All SSIs occurred within 30 days of surgery, with deep wound infections accounting for 50%. In 74% of the SSIs cultures were positive, with about half the organisms being gram negative, such as Citrobacter freundii, Proteus mirabilis, Morganella morgani, and Pseudomonas aeruginosa. There were no adverse clinical outcomes related to the local application of vancomycin. CONCLUSIONS Our study suggests that in the setting of prophylactic vancomycin powder use, the preponderance of SSIs are caused by gram-negative organisms or are polymicrobial. Further randomized control trials of prophylactic adjunctive measures are warranted to help guide the choice of empirical antibiotic therapy while awaiting culture data.
prophylaxis with the hope of decreasing postoperative infection rates.
Vancomycin powder provides broad coverage and is available at a low cost, making it an appealing option as an adjunct for perioperative prophylaxis against postoperative SSIs. Many studies have shown that prophylactic application of vancomycin powder in addition to standard systemic antibiotic prophylaxis leads to a reduction of postoperative deep and superficial SSIs following spinal procedures. 6, 33, 35 Sweet et al. 44 reported a reduction of postoperative deep wound infections from 2.6% to 0.2% in patients undergoing posterior instrumented thoracolumbar spinal fusions. Strom et al. 43 reported a decrease in infection rate from 10.9% to 2.5% in patients undergoing posterior cervical fusion. Adjunctive use of vancomycin powder also has been shown to reduce morbidity and lead to significant health care cost savings. 9, 14, 32 However, despite the adjunctive use of vancomycin powder, postoperative SSI after adult deformity surgery remains a serious concern.
The aim of this study was to investigate the incidence, epidemiology, and microbial patterns of postoperative infections among adult patients undergoing spinal deformity surgery in an era of prophylactic vancomycin powder use.
Methods

Patient Selection
Approval was obtained from the Duke University Medical Center institutional review board prior to study initiation. Hospital records of adult patients (> 18 years of age) who had undergone open posterior spinal decompression and fusion for adult deformity correction between 2011 and 2013 and who had a minimum of 3 months of clinical follow-up were reviewed. Exclusion criteria included traumatic, infectious, and neoplastic causes. Patient demographics, clinical presentation, comorbidities, radiological studies, and all treatment variables were reviewed for each case.
Standard Pre-and Postoperative Systemic Prophylactic Antibiotic Regimen
All patients received standard systemic antibiotic prophylaxis consisting of intravenous (IV) cefazolin within 1 hour of surgical incision followed by IV cefazolin every 8 hours for 1 day. If the patient was allergic to penicillin, clindamycin was used instead. In rare cases, ciprofloxacin, piperacillin/tazobactam, or vancomycin was used. In all cases, the patients' skin was prepared with chlorhexidine. Fusion levels were determined by preoperative imaging. Before skin closure, irrigation with 2 L of normal saline by gravity was performed.
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Patient Population
All patients included in the study received 1-7 g of intraoperative crystalline vancomycin powder spread throughout the wound. The powder was placed directly on the deep wound and subfascial muscle tissues, taking care not to expose bone graft or dura. The surgical approach involved an open midline posterior incision for all patients. Titanium instruments, autograft and demineralized bone matrices, and cortical cancellous chips were used in all cases. Minimally invasive cases were excluded. No patient was lost to follow-up.
The decision of whether to use subfascial drains was based on surgeon preference. However, in most cases (88%), subfascial drains were used. In all cases, the wounds were closed with absorbable sutures in the fascia and subcutaneous layers and with staples or suture closure of the skin. After skin closure, incisions were cleaned again with chlorhexidine and a sterile dressing was applied. Dressings and drains were kept in place until the 2nd postoperative day.
Diagnostic Evaluation
The definition of SSI developed by the Centers for Disease Control and Prevention (CDC) was used to make an SSI diagnosis. 29 According to the CDC definition, deep space incisional SSIs all occur within 30 days after surgery. Additionally, they involve purulent drainage, isolation of organism, signs or symptoms of infection (such as pain or tenderness, localized swelling, redness, or heat) combined with positive culture results, and diagnosis by a surgeon or attending physician. Thus, for this study, an SSI was defined as being diagnosed during the initial hospitalization or during a hospital readmission or postoperative clinic appointment within 30 days of the surgery.
All patients with a concern for an SSI had standard laboratory tests on readmission to the hospital including erythrocyte sedimentation rates, peripheral white blood cell counts, C-reactive protein, complete urine analysis, and microbiology and blood cultures. The erythrocyte sedimentation rate was determined by the Westergren method and considered abnormal if greater than 15 mm/ hour. The C-reactive protein level was considered abnormal if greater than 5 mg/dl. Bacterial identification and susceptibility testing were performed according to the CDC guidelines.
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Clinical Parameters
Preoperative, intraoperative, and postoperative data for each patient were collected from the medical records. Surgical infection risk factors were documented for each patient, including body mass index (BMI), smoking status, albumin level, chronic kidney disease (CKD), hyperlipidemia, coronary artery disease (CAD), atrial fibrillation (AFib), anemia, and diabetes mellitus. Pertinent operative details were also collected, including operative time, estimated blood loss, duration, number of levels instrumented, subfascial drain use, number of subfascial drains, volume of irrigation, average dose of vancomycin powder, nerve root injury, spinal cord injury, and durotomy. Postoperative variables included length of stay, urinary tract infection (UTI), delirium, ileus, motor weakness, sensory deficits, other infections, deep vein thrombosis (DVT), pulmonary embolism (PE), anemia requiring transfusion, number of days from discharge to readmission, and readmission source.
Statistical Analysis
Parametric data were expressed as means ± standard deviation and compared via Student t-test. Nonparametric data were expressed as median and interquartile range (IQR) and compared via the Mann-Whitney U-test. All tests were 2-sided, and results were considered statistically significant if the p value was less than 0.05. All statistical analysis was performed using JMP, version 12 (SAS Institute Inc.).
Results
Among the 1200 consecutive operative spine cases performed for adult spinal deformity between 2011 and 2013, 34 cases of SSI (2.83%) were identified. The average age of patients who developed SSI was 62.08 ± 14.76 years (Table 1) . Of the patients who developed an SSI, 27% were male. The average BMI of patients who developed an SSI was 30.86 ± 7.15 kg/m 2 , and 17.64% of patients who developed an SSI were smokers. Two of the patients who developed an SSI had CKD, 2 had CAD, and 6 had AFib; 15 (44.15%) had hyperlipidemia, 9 (26.47%) had anemia, and 10 (29.41%) had diabetes. The average albumin level was 3.9 ± 0.34 g/dl.
In patients who developed an SSI, the average operative time was 352.16 ± 170.29 minutes ( Table 2 ). The mean estimated blood loss was 1733.82 ± 1604.27 ml. The median number of levels fused was 7 (IQR 4-8). Subfascial drains were used in 88.00% of patients; the median number of drains used was 1 (IQR 1-2). The average volume of irrigation was 2.73 ± 2.42 L, and the average dose of vancomycin powder used was 1.41 ± 2.77 g. There were no incidences of nerve root injury or spinal cord injury in patients who developed an SSI, but 44.15% of patients underwent a durotomy.
The average length of stay for patients who had a postoperative SSI was 9.36 ± 7.59 days ( Table 2) . Two (5.88%) of the patients with an SSI had a UTI postoperatively, and 2 (5.88%) developed other postoperative infections. Delirium, ileus, and motor weakness each developed postoperatively in 3 patients (8.82%). Postoperative sensory deficits developed in 1 (2.94%) patient. There were no incidences of postoperative DVT or PE. Of the 34 patients who developed an SSI, 22 (64.70%) developed anemia that required an allogenic blood transfusion. All of the patients with SSIs were readmitted to the hospital, with 73.52% being readmitted directly from home. The average number of days from discharge to readmission was 15.61 ± 8. 43 .
Details of each SSI are shown in Table 3 . Of the 34 patients who developed an SSI, 17 developed a deep SSI and 17 developed a superficial SSI. The majority of documented infections in both groups were due to either grampositive cocci (other than methicillin-resistant Staphylococcus aureus [MRSA]) in 10 patients or gram-negative rods in 11 patients. There were 2 MRSA infections, and 2 cultures grew multiple organisms. Two patients developed a deep fungal infection (Candida albicans). In 9 cases, the cultures showed no microbial growth, and in 7 of these 9 cases the infections were superficial. The infections were treated only with oral antibiotic therapy in 18 cases, only with IV antibiotic therapy in 13 cases, and with oral and IV antibiotic therapy in 3 cases. The decision to use oral or IV antibiotic therapy was based on the recommenda- tion of the infectious disease team. Irrigation and drainage was performed for the majority of infections; 3 of the 17 patients with superficial SSIs did not undergo incision and drainage.
Discussion
In this retrospective study, we demonstrate that in the setting of prophylactic vancomycin powder use, the preponderance of SSIs occurring after lumbar decompression and fusion for deformity correction are caused by gramnegative organisms or multiple organisms.
The low incidence of SSI after spinal surgery with use of prophylactic vancomycin powder has been extensively reported. In a retrospective case series of 981 patients undergoing spinal surgery conducted by Ghobrial et al., 11 5.1% of patients who received vancomycin powder in the wound bed were diagnosed with an SSI with a positive wound culture. In a retrospective study of 389 patients undergoing instrumented spine surgery, Dennis et al. 9 reported an infection rate of 0.8% among patients who were prophylactically treated with local vancomycin powder. Strom et al. 43 reported a wound infection rate of 2.5% after posterior cervical fusion with local application of vancomycin powder in a retrospective study of 171 patients. In a meta-analysis of 10 studies totaling 2574 patients undergoing spinal surgery performed by Khan et al., 21 a composite infection rate of 1.3% was observed in patients who received intraoperative vancomycin powder. The observed infection rate in the present study (2.4%) appears well within the previously reported range.
Demographic factors, including obesity and preoperative malnourishment, as well as operative variables, such as the number of fusion levels, increase the risk of SSI after spinal surgery. In a retrospective analysis of 3353 patients undergoing single-level lumbar fusion in the American College of Surgeons National Surgical Quality Improvement Program (ACS NSQIP) database, Lim et al. 28 reported that obesity led to increased risk of postoperative SSI. Increased risk of infection with BMI > 30 has been extensively reported in other studies, 7, 17, 20, 31, 39 ,41 a trend that likely influenced our cohort's risk of developing SSI due to our observed average BMI of 30.86 ± 7.15 kg/m 2 . Malnourishment also affects infection risk after spinal surgery. In a retrospective study of 19 consecutive patients treated for wound infections after spinal surgery, Stambough and Beringer 42 found that a majority of infections occurred in malnourished patients with low albumin levels. In a retrospective review of 4310 cases with data collected prospectively as a component of the ACS NSQIP, Bohl et al. 3 found that preoperative hypoalbuminemia was a significant risk factor for both wound dehiscence and SSI after lumbar spinal fusion. In their study, the mean preoperative albumin level was 3.95 ± 0.46 g/dl in patients who subsequently developed an SSI. 3 Similarly, the reported preoperative albumin level in our cohort was on the low end of normal at 3.9 ± 0.34 g/dl. Finally, the number of fusion levels influences postoperative infection risk. In a retrospective review of 2309 spine surgeries, Haleem et al. 13 found that multilevel fusions involving 4-8 vertebrae were associated with greater SSI risk, a range that our average fusion level of 7 falls into. Long operative time and high intraoperative blood loss also likely impacted our cohort's infection risk. 9, 13, 19, 27, 45 Preoperative identification of these risk factors could influence subsequent initiation of empirical antibiotic prophylaxis to reduce the risk of postoperative infections after spinal surgery.
Due to microbial resistance patterns, current antibiotic prophylaxis regimens in spinal surgery are evolving to commonly include local application of vancomycin pow- der. Perioperative use of cephalosporins has become commonplace in spinal surgery, 9 but growing cephalosporin resistance among the common organisms isolated from surgical wound sites, especially MRSA, compromises the efficacy of this approach. 24, 34, 44 In fact, nearly 60% of wound bed isolates including MRSA and S. epidermidis are resistant to cephalosporins. 44 To counteract this growing cephalosporin resistance, the use of intravenous (IV) vancomycin as SSI prophylaxis has been studied. 10 However, IV vancomycin has not been shown to be superior to IV cephalosporin treatment for SSI prophylaxis. 10 Furthermore, studies have shown that systemic IV antibiotics have limited penetration into the spinal cord and consequently must be administered at supratherapeutic doses, posing an increased risk of systemic side effects including hypotension and nephrotoxicity. 37 In an era of SSIs caused by cephalosporin-resistant gram-positive organisms, local intraoperative application of vancomycin powder has become an attractive alternative for antibiotic prophylaxis. Unlike IV vancomycin, locally applied vancomycin powder is not absorbed systemically and thereby poses minimal risk of systemic side effects. 6, 44 This lack of systemic absorption has also been proposed to be the mechanism for the increased antimicrobial action of vancomycin powder, as a higher concentration remains in the wound bed to provide prophylaxis against microbial growth.
16 Furthermore, vancomycin powder has been shown to be more efficacious against two of the most common isolates in SSI, MRSA and S. epidermidis, compared with cephalosporin prophylaxis alone. 16, 44 In a retrospective study of 1732 consecutive thoracic and lumbar posterior spinal fusions, Sweet et al. 44 found that the addition of local vancomycin powder to an infection prophylaxis regimen of IV cephazolin led to a significant reduction in all postoperative wound infections and led to a complete eradication of SSI involving MRSA or coagulase-negative staphylococcal species. Heller et al. 16 similarly reported that use of intraoperative vancomycin powder significantly decreased the incidence of acute staphylococcal, deep staphylococcal, and deep MRSA infections in a retrospective study of 342 patients undergoing posterior instrumented spinal arthrodesis. In a meta-analysis of the pooled results of 10 independent studies on the use of vancomycin powder, Chiang et al. 6 reported that intraoperative vancomycin powder use led to a significant reduction in the incidence of S. aureus SSIs. Similarly, use of vancomycin powder in our cohort led to low rates of infections mediated by gram-positive organisms such as MRSA and coagulase-negative staphylococcal species.
Due to enhanced antimicrobial efficacy against grampositive organisms, the use of intraoperative vancomycin powder may exert a selective pressure that alters the microbiological profile of postoperative wound infections in favor of gram-negative organism colonization. Without vancomycin prophylaxis, the preponderance of SSIs after spine surgery were caused by gram-positive staphylococcal organisms, including MRSA and S. epidermidis. 1, 15, 18, 38 However, while local application of vancomycin powder decreases gram-positive infections, it also may lead to an increased incidence of gram-negative SSIs after spinal surgery. 11 In a retrospective study of 981 consecutive patients undergoing spinal surgery with intraoperative application of vancomycin powder, Ghobrial et al. 11 found that 60.7% of positive cultures contained gram-negative organisms compared with 21% in the non-vancomycin powder control group. In their study, the predominant gram-negative organisms included Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis, and Pseudomonas aeruginosa, and 29.4% of all infections were polymicrobial. 11 Dennis et al. 9 also suggested that local application of vancomycin powder led to an altered SSI microbial profile dominated by more gram-negative species. In their retrospective cohort study of 389 patients undergoing instrumented spine surgery, use of vancomycin powder led to increased incidence of P. aeruginosa and K. pneumoniae-dominated infections. 9 Similarly, our study showed a predominance of polymicrobial infections as well as infections involving gram-negative organisms, including Citrobacter freundii, P. mirabilis, Morganella morgani, and P. aeruginosa.
The increasing prevalence of gram-negative postoperative infections has led to research into alternative antibiotic prophylaxis regimens to expand antimicrobial coverage. While cephalosporins are typically used to provide gramnegative coverage, cephalosporin-resistant gram-negative organisms are becoming more common in spinal surgery. In a retrospective study of 7529 spinal surgeries, AbdulJabbar et al. 1 estimated that 61.6% of all gram-negative infections were caused by cefazolin-resistant organisms. To address growing cephalosporin resistance, Bosco et al. 4 conducted a retrospective study of 10,084 patients undergoing hip arthroplasty and found that use of expanded gram-negative antimicrobial prophylaxis (weight-based gentamicin or aztreonam treatment) significantly decreased cephalosporin-resistant gram-negative infections and decreased the overall SSI incidence from 1.19% to 0.55%. Given the changing microbiological profile of SSIs, further studies with customized prophylactic antibiotic regimens addressing evolving pathogen profiles are warranted in spinal surgery. Based on our findings that the use of prophylactic vancomycin powder leads to a predominance of gram-negative SSIs, adding antibiotics with extended gram-negative prophylaxis could also reduce SSI incidence after spinal surgery.
Study Limitations
This study has limitations, which have implications for its interpretation. First, our small sample size of patients with documented SSIs limits our ability to make any firm conclusions about the efficacy of vancomycin powder or its impact on the SSI microbiological profile. Although pre-and perioperative variables were recorded into a prospective study registry at the time of surgery, these variables were retrospectively analyzed for the purposes of this study, and the study is thus subject to the pitfalls associated with all retrospective reviews. Demographic risk factors were not adjusted for and could have influenced SSI risk and microbial profiles. It is possible that a subset of patients treated at other hospitals for concern of postoperative wound infections were not identified and therefore not included in our series. Subfascial drains have been shown to decrease local vancomycin concentrations and were used in the majority of patients. 44 Furthermore, serum vancomycin concentrations were not collected, and concentrations could have affected subsequent microbial growth. Despite these limitations, this study demonstrates that local application of prophylactic vancomycin powder during spinal surgery leads to a preponderance of gramnegative and polymicrobial SSIs.
Conclusions
Our retrospective study suggests that in the setting of prophylactic vancomycin powder use, the majority of SSIs are caused by gram-negative or multiple organisms. Based on this changing microbiological profile of SSIs, further randomized control trials are needed to assess the efficacy of additional antibiotic prophylaxis against gram-negative species in reducing incidence of SSI after spinal surgery.
